Phase diagrams are presented for dipalmitoylphosphatidylcholine (DPPC) in the presence of sugars (sucrose) over a wide range of relative humidities (RH). The phase information presented here, determined by small angle X-ray scattering (SAXS), is shown to be consistent with previous results achieved by Differential Scanning Calorimetry (DSC). Both techniques show a significant effect of sucrose concentration on the phase behaviour of this phospholipid
Introduction
On the subject of membrane damage due to freezing and desiccation a number of key points are generally considered to be resolved; 1. The physical effects and consequent membrane damage that result from (slow) freezing can be very similar to those resulting from desiccation in air (reviewed in (Wolfe and Bryant, 1999) ); 2. The plasma membrane is one of the primary sites of cellular damage due to both freezing and desiccation (reviewed in (Steponkus, 1984; Walters et al., 2001) ; 3. This damage can result from phase changes in the membrane bilayer (also reviewed in (Steponkus, 1984; Steponkus et al., 1995; Walters et al., 2001) ); 4. Sugars can help stabilize membranes at low hydrations by lowering the temperature of these deleterious phase transitions (Crowe et al., 1984; Strauss et al., 1986; Koster et al., 2000; Koster et al., 2003; Bryant and Koster, 2004) .
The mechanisms by which sugars affect phospholipid phase transition temperatures are becoming clearer, but there is still some confusion. This confusion lies partly in the fact that most studies of the effects of sugar have been carried out at very low or zero hydration (Crowe et al., 1984; Crowe et al., 1996; Cacela and Hincha, 2006) . These studies have concluded that the effects of sugars on membrane phase transition temperatures are due, in part, to specific hydrogen bonding between lipid headgroups and sugars (Crowe et al., 1984; Crowe et al., 1996) , with insertion of sugars between the headgroups a key aspect of some versions of this model (Crowe et al., 1996; Cacela and Hincha, 2006) . However, studies of the effects of sugars at a range of hydrations suggest that the effects of sugars are primarily due to the osmotic and volumetric effects, and are non-specific (Koster et al., 2000) . This explanation, which leads to a quantitative model that has been experimentally verified, is known as the hydration forces explanation (Bryant et al., 2001 ). In addition, to date, most studies have used high sugar concentrations (e.g., > 1:1 on a molar basis), which can lead to partial exclusion of the sugars and makes the quantitative interpretation of the data very difficult. See (Santivarangkna et al., 2008 ) for a recent review of some of this work.
In order to shed some light on this problem we have recently reported results using Small Angle Neutron Scattering (SANS) -contrast variation (Lenné et al., 2006) , Small and Wide Angle X-ray Scattering SAXS/WAXS (Lenné et al., 2009) and Differential Scanning Calorimetry (DSC) (Lenné et al., 2007) . This work has made significant progress in clarifying and quantifying the effects of sugars on the gel-fluid transition. In this paper we complete the current series of investigations by (i) presenting complete phase diagrams for one of the systems studied (sucrose-DPPC) and (ii) studying the effects of sucrose on the kinetics of the fluid-gel transition of a phosphatidylcholine, DPPC.
X-ray diffraction techniques, particularly SAXS, have been extensively used to determine the structure and phase of phospholipid bilayers in the presence of sugars (Caffrey et al., 1988; Tsvetkov et al., 1989; Nakagaki et al., 1992; Nagase et al., 1997 Nagase et al., , 1998 Demé et al., 2002) . Many of these SAXS investigations have either been at a constant solute ratio or at constant hydration, and those solute ratios that have been used are often very high -typically 1 sugar per lipid or more. However it has recently been shown that only small concentrations (e.g. for a disaccharide, solute:lipid ratios ≤ 0.5:1 on a molar basis) are needed to have a significant effect on both transition temperatures (Lenné et al., 2007) and bilayer structure (Lenné et al., 2009) , and the addition of extra solute has little further effect (Lenné et al., 2007) . Moreover, excess sugar has been shown to be excluded from the interbilayer region (Demé et al., 2002; Lenné et al., 2006) , consistent with recent simulations showing that sugars are excluded from the hydration layer near phospholipid headgroups (Westh, 2008) .
One area that has not been fully investigated to date is whether sugars have any effect on the rate at which the fluid-gel transition occurs. Any effect on the rate of the transition may have additional implications regarding membrane integrity and cell survival, and may provide further evidence for the mechanism of solute protection. First, the presence of sugars will increase the viscosity, which might lead to a slight slowing of the transition. Second, and more importantly, if sugars insert between the lipid headgroups, as has been suggested in some models (Crowe et al., 1996; Patist and Zoerb, 2005) , this should cause a significant slowing in the fluid-gel phase transition, as the area per headgroup needs to contract significantly during the transition.
Although there have been a number of studies on the kinetics of the phase transitions of phospholipid bilayers (Caffrey and Bilderback, 1984; Caffrey, 1985; Tenchov et al., 1988) , to our knowledge the only study of the effects of sugars on the kinetics of the fluid-gel transition is that of (Quinn et al., 1988) . This study was limited to very low hydration (freeze dried) and two sugar concentrations. The results reported in the current paper are therefore the first study of the effects of varying the hydration and the sugar content on the kinetics of the fluid-gel transition.
Moreover, although a large amount of phase information for lipid bilayers in the presence of high sugar concentrations is available, mostly derived by DSC (Crowe et al., 1984; Nakagaki et al., 1992; Koster et al., 1994; Zhang and Steponkus, 1995; Zhang and Steponkus, 1996; Koster et al., 2000; Koster et al., 2003; Bryant and Koster, 2004) , there has been a deficiency of data for low/intermediate sugar concentrations where it has been shown that the effects of sugars are significant (Lenné et al., 2007) . Presented here are three phase diagrams derived by structural SAXS/WAXS measurements over a complete range of RH for three sucrose:lipid molar ratios, 0.1, 0.2 and 0.5:1.0.
Experimental Procedures
Sample preparation is described in (Lenné et al., 2009) and is briefly outlined here for completeness. Samples consisted of DPPC (1,2-dipalmitoylphosphatidylcholine) (Avanti Polar Lipids (Birmingham, AL, USA)) and sucrose (>99.5% purity, Sigma Chemical Co. (St. Louis, MO, USA)). All were used without further purification. Dry DPPC was suspended in an appropriate amount of sugar solution to achieve the desired sugar:DPPC molar ratio. Further milli-Q water was added as necessary to ensure the samples were in excess water. Samples were mixed by repeated freeze-thawing, vortex mixing and centrifugation, then equilibrated at 23 °C over saturated salts that generate known Relative Humidities (RH) (Rockland, 1960; Young, 1967 ) for a period of 1-3 weeks. The RHs were monitored with a humidity data logger (Hastings, Port Macquarie, Australia) to ensure equilibrium had been reached. Once equilibrated, samples for X-ray analysis were transferred into 1.5 mm quartz X-ray capillaries (Wolfgang Muller Glas Technik, Berlin) and sealed using silicone (Pro Seal instant gasket, Racer Technology, USA). A series of static measurements was made for each sample both below and above the gelto-fluid phase transition temperature at 10 °C increments between 20 °C (gel phase) and 70 °C (fluid phase). Following this a series of kinetic measurements was made by ramping the temperature rapidly through the phase transition whilst taking 1 second exposures every 9 seconds, resulting in an average of 20 measurements for each temperature scan. These kinetic runs were made between room temperature (~20 °C) and 80 °C and with temperature both ascending and descending. The ramp rate of ~15 °C/min was calibrated using in situ thermocouples in a separate control experiment. This ramp rate is consistent with that used in the DSC experiments (20 °C/min) from which the DSC data in figure 3 are derived. Further details of these DSC experiments can be found in (Lenné et al., 2007; Lenné, 2008) The data were radially averaged and processed by the IDL virtual machine software (ITT corp. Colorado, USA) using the SAXS15ID application written by David Cookson (ASRP/ChemMatCars). Data were exported into Excel (Microsoft Corp.) and then imported into either Origin (OriginLab Corporation, Northampton MA, USA.) for the static experiments, or
Igor Pro software (WaveMetrics Inc. Oregon, USA) for the kinetic experiments, to obtain both the chain-chain and interlamellar repeat spacing peak positions. Experiment number was converted to temperature using thermocouple data stored in the log files then adjusted using the temperature calibration. Sigmoid fits were then applied to the data to quantify the effects of both humidity and sucrose:DPPC ratio on the characteristics of the transitions. corresponds to the primary repeat spacing with two higher order reflections also present. Also visible at high q is the peak due to the chain-chain spacing, which is quite diffuse. This is characteristic of lipids in the fluid phase, and is a result of the irregular, or fluid-like, arrangement of the acyl chains within the plane of the membrane. In the gel phase at 20 °C (figure on right) the structure of the gel phase is evident by both the sharpness of the chain-chain wide angle peak, and the increased number of higher order repeat reflections. Figure 2 shows radial averages of the two dimensional scattering patterns from the two samples in figure 1. Here the distinction between the two phases is evident. First the chain-chain spacing peak is at a larger q value and is much sharper in the gel phase (dashed line), relative to the diffuse peak of the fluid phase (solid line). The increased q value corresponds to a decrease in the chain-chain spacing associated with the compression of the lipids in the gel phase. Second, the primary repeat spacing shifts to lower q in the gel phase, corresponding to the increase in repeat spacing as the chains of the lipid are elongated. And third, there are more (and stronger)
Results
higher order reflections for the lipid in the gel phase relative to the fluid phase.
Determining the phase of the samples by their structural parameters at equilibrium provides complementary information to previous DSC measurements, which do not in themselves determine the phase of the sample, only the temperature of the transition between phases. By making X-ray measurements at a number of temperatures with samples prepared at varying RH and sugar content, the peak positions, in combination with a visual inspection of the shape of the chain-chain peaks, enable us to determine the phase of the samples. Figure 3 shows phase diagrams determined by SAXS/WAXS for DPPC with 3 sucrose:DPPC ratios; 0.1 (bottom), 0.2 (middle) and 0.5 (top). In each of these 3 graphs the transition temperatures determined by DSC are also shown in red (solid data markers). The (scanning) DSC data are in good agreement with the (equilibrium) SAXS data. Note that the DSC values and error bars represent the average of both heating and cooling scans, as described in (Lenné, 2008) . To quantify these changes, the peak positions are determined and plots are made of the repeat and chain-chain peak positions as functions of temperature. Figure 5 shows an example of such a plot. The data are presented in this way to highlight the fact that the repeat spacing and the chain-chain peak show the same trends, and that the inflection points of both curves agree. In all data sets obtained, the chain-chain peak position data mirror the repeat spacing data, so the chain-chain data are not considered for further analysis.
There is a significant body of literature on the measurement of the kinetics of lipid phase transitions [eg (Caffrey and Cheng, 1995; Quinn, 1997; Cherezov et al., 2003) and references therein]. In most cases these papers applied temperature or pressure jumps to try to find the maximum transition speed, and used this to study the mechanisms of the transition. However, to our knowledge, there have been no attempts to fit the transition data -rather the transition is simply characterized by a transition duration [eg (Caffrey, 1989) ]. Other workers have attempted to apply classical nucleation theory with some success [eg (Yang and Nagle, 1988; Kharakoz and Shlyapnikova, 2000) ]. However, such analyses are model dependent, and too complex for the purposes of this study. Instead, we want to determine just two parameters from these data: the rate, r, of the transition between the two phases (expressed in units of Å/K or Å/s); and the total duration of the transition, τ. The rate r can be estimated from the slope, but with so few points in the transition region, this is prone to error. The duration is difficult to measure unambiguously as one has to arbitrarily define a start and end point. In order to determine these parameters unambiguously, we fit the transition data using a generalized form of the sigmoid function:
( 1) where d(T) is the repeat spacing as a function of temperature; d g is the d spacing in the gel phase, d f is the d spacing in the fluid phase, T o is the temperature at the inflection point, which occurs at d = (d g +d f )/2, and c is a fit parameter. The slope at the inflection point can be determined by differentiating with respect to T, and setting T=T o , which yields the rate of transition r:
in units of Å/K. As the scanning rate is 15 K/min=0.25K/s, the transition rate can also be expressed as r t =0.25*r in units of Å/s. An unambiguous estimate of the duration τ of the transition can then be determined by the linear extrapolation from d g to d f , which yields a duration of τ =(d g -d f )/r t =16c. Figure 6 shows the results of cooling scans for samples equilibrated at 13% RH for different sugar ratios. Each curve is fitted with the sigmoid function. Figure 7 shows the rate r (left y-axis) and duration τ (right y-axis) as functions of sucrose:DPPC ratio for the data in figure   6 . The duration shows no significant trend as a function of sugar ratio. However, the rate shows a significant trend, increasing from r=0.8 Å/K (or 0.2 Å/s) at low sugar content, up to r=2.0 Å/K (or 0.5 Å/s) at a sucrose:lipid ratio of 1:1. In other words the presence of the sugar is increasing the rate at which the transition occurs. Of course there is an increase in the repeat spacing in the presence of sugar (Lenné et al., 2009 ). However, this result clearly shows that the presence of sugar is not slowing the transition from the fluid to the gel during cooling. Data for heating scans are very similar, and it is clear from figure 7 that there is no systematic difference in the speed of the transition (within the errors) for heating and cooling scans. This is in agreement with previous work (Quinn et al., 1988; Tenchov et al., 1988) which also showed no significant difference between the time spans of the heating and cooling transitions. This lends further support to the notion that the sugars are not inserted deep between the headgroups.
In the second set of experiments the effects of sample humidity on the kinetic characteristics of the gel:fluid transition were investigated using a set of constant sucrose:DPPC ratio (0.5) samples with varying humidity. Figure 8 shows the repeat spacing peak position during cooling for samples ranging in humidity from 0.1 % to 91 %. In addition a sample was prepared in excess water and is labelled "XS".
The results for samples up to 57.5 % humidity in figure 8 give good fits. In comparison with the data in figure 6 there is less variation in between the samples in both parameters (note the expanded scale). As these samples all have the same sucrose ratio, this is the expected result.
However, the highest humidity samples show a completely different behaviour which was not observed in the static experiments. The repeat spacings for the three highest humidities all increase temporarily during cooling before decreasing again, finally ending at a slightly higher value in the gel phase than the fluid phase. Due to this behaviour, fits were not attempted for these three samples, which will be discussed later. Figure 9 shows the rate r (left y-axis) and duration τ (right y-axis) for the data in figure 8.
Within the scatter, the only trend that can be discerned is that the driest samples have the shortest duration, and therefore the fastest rate of transition. Again, if sugars were inserted between the headgroups, one would expect that as the membranes became drier the effect of the sugars would be to slow the transition, the opposite of what is observed.
Discussion
The phase diagrams determined by SAXS are in good quantitative agreement with the DSC results presented in (Lenné et al., 2007) , so the discussion here will focus on the membrane structure and kinetics. Figure 6 shows that increasing the sugar:lipid ratio leads to an increase in the lamellar repeat spacing. This relationship implies, at least for the lower sugar:lipid ratios, that most of the sugar is incorporated into the aqueous region between the lamellae during dehydration, consistent with recent observations (Lenné et al., 2009) . However, figure 6 also suggests that the increase in d spacing is not proportional to sugar concentration above 0.5 sucrose molecules per lipid. This is consistent with previous work which showed that some sugar is excluded into separate sugar:water microphases (Lenné et al., 2006) . A consequence of this is that there is a limiting sugar:lipid ratio, beyond which the addition of further sugar has only a small effect on membrane transition temperatures (Lenné, 2008) . Figure 8 shows that at the lowest hydrations, the d spacing is relatively unaffected by hydration, as expected since the bulk of the repeat spacing at low hydrations is due to the membrane thickness. The only unusual result observed is the behaviour of the high humidity samples during the transition, where the repeat spacings of all three samples consistently increased during the transition before dropping again. We have no definitive explanation for this effect at present, but pose the following two possible hypotheses: (i) in the coexistence region, it is well known that the lateral compressibility of membranes is greatly increased (i.e. their area modulus is greatly diminished), which can significantly increase the permeability. This may encourage mixing at these temperatures, redistributing water and/or sucrose between the intermembraneous and excluded microphases (Koster et al., 2003) during the transition; (ii) It is possible that there is a ripple phase in this temperature range. The ripple phase is a well known pre-transition phase observed in DPPC at high hydration (Wack and Webb, 1989) . Although there was no evidence of the characteristic reflections of a ripple phase in our SAXS scans, it may be that the scan rate was too rapid for the transition to the ripple phase to occur fully, and the increase in d spacing observed may be a consequence of this lack of equilibration. Further investigation of this effect will be the subject of future work.
In the kinetic experiments the sample heating and cooling rates are relatively highconsistent with ramp rates routinely used in a wide variety of experiments (e.g. DSC). The point of these experiments is not to reproduce rates of temperature change that occur in nature (which may be considerably slower), but rather to use this as a way of learning more about the mechanisms by which small sugars affect membrane phase transitions during dehydration.
Transitions from the fluid to gel phase occur as lipids are squeezed together by lateral compressive forces in the bilayer (Wolfe and Bryant, 1999) . During this transition, the average surface area per lipid decreases on the order of 10-20 Å 2 (Koster et al., 2000; Nagle and Tristram-Nagle, 2000; Lenné et al., 2009) . Previous kinetic studies of the transition for pure DPPC indicate that this transition occurs within 2 s (Caffrey and Bilderback, 1984) . One might expect that if sugar molecules were to intercalate between the adjacent lipid head groups, this would slow the transition, as the rearrangement of these larger molecules might be slower than that of water. In contrast, the data reported here show no systematic slowing of the transition rate in samples dried with increasing amounts of sucrose (Fig 7) , and indeed the transition rate appears faster in the presence of sugars during both heating and cooling. This is in agreement with the kinetic studies of (Quinn et al., 1988) , who showed for freeze-dried DPPC that the phase transition relaxation time was similar with or without trehalose, and suggested that the trehalose molecules form a "loosely packed 'monolayer' separating bilayers of phospholipid". This conclusion is also supported by (Lenné et al., 2009 ), who showed that there was no detectable spreading of the DPPC acyl chains when dried in the presence of sucrose.
Thus, these data support the view that sucrose molecules do not insert significantly between lipids in the membrane bilayer during the dehydration process. Interactions between sugars and lipids in dried systems are frequently modeled using some version of the Water Replacement Hypothesis (WRH), which posits direct hydrogen bonding between sugars and phospholipid as the necessary factor for membrane stabilization in the dry state (Crowe et al., 1984; Clegg, 1986; Crowe et al., 1996; Crowe, 2007) . In its simplest form, the WRH states that sugars form hydrogen bonds with membrane lipid headgroups and keep lipids laterally spaced in the fluid phase when water is removed. Some versions of the WRH suggest that the sugars intercalate between headgroups of adjacent lipids within the dried bilayer to keep the lipids spread apart in the fluid phase (e.g. (Crowe et al., 1996; Hoekstra et al., 2001; Crowe, 2007) ), while other versions show the sugars bonding at the surface of the membrane (Sum et al., 2003) .
The data reported in the current work does not support the idea that there is deep insertion of the sugars into the membrane.
The hydration forces explanation (HFE) (Wolfe and Bryant, 1999; Koster et al., 2000; Bryant et al., 2001) , in contrast, states that direct interactions between sugars and lipids are not necessary for bilayer stabilization, although they undoubtedly occur when most or all of the water has been removed. According to this explanation, the effects of sugars on membrane transition temperatures are attributed to the sugars' non-specific volumetric and osmotic effects.
Moreover, the phase transition temperatures predicted by this model have been shown to be in quantitative agreement with experimental data (Lenné et al., 2009) . The fact that sugars have virtually no effect on the bilayer structure (Sum et al., 2003; Lenné et al., 2009) or on the transition kinetics reported here, both lend further support to this explanation. These data are also consistent with the preferential exclusion of sugars from the hydration layers, as found in recent simulations (Westh, 2008) .
Finally, we note that an additional facet of sugar-lipid interactions occurs if and when the sugar-rich solution vitrifies during dehydration. We previously demonstrated that sugar glasses can confer additional stability to dehydrated lipid bilayers (Koster et al., 1994; Koster et al., 2000; Bryant et al., 2001; Koster et al., 2003) ; however, the object of the current research was to avoid as much as possible the effects of glasses on the phase transition, and focus on the physical and volumetric effects of solutes. The choice of lipid (DPPC) and sucrose (rather than trehalose, which has a higher T g ), means that vitrification does not occur above the transition temperature of DPPC except (possibly) at the very lowest hydrations, and so vitrification should not play a role in the effects studied here. It is interesting, however, that the increased viscosity of the highly concentrated rubbery sugar solutions at the membrane surface did not systematically impact the rate of the lipid transition in these experiments.
Conclusions
The main conclusion from this investigation is that both dehydration and increasing sucrose content appear to increase (slightly) the rate of the transition between the fluid and gel phases of DPPC. The presence of sucrose does not slow the transition, but, if anything, speeds it up. These data lend support to the growing body of evidence that sugars do not penetrate deeply into the headgroup region at low (non-zero) hydrations. Further experiments, designed to unambiguously determine the location of the sugars, are currently underway.
These data do not support the existence of deep penetration of the sugar into the headgroup region of the lipids during dehydration. PL (1996) Proposed mechanism for depression of the liquid-crystalline-togel phase transition temperature of phospholipids in dehydrated sugar-phospholipid mixtures. Cryobiology 33: 21A
Figure 1
2-dimensional x-ray diffraction patterns from DPPC in the fluid phase at 70 °C (left), and in the gel phase at 20 °C (right).
Figure 2
Intensity versus scattering vector plots for the 2-D diffraction patterns shown in figure 1.
Figure 3
Phase diagrams determined by SAXS/WAXS for DPPC with 0.1 (bottom), 0.2 (middle) and 0.5 (top) sucrose:DPPC ratios in comparison with the transition temperatures determined by DSC (Lenné et al., 2007) . The phases are gel (open circles), fluid (crosses) and coexistence (triangles). The solid circles correspond to the phase transition temperatures determined by DSC.
Figure 4
An example of a typical series of intensity versus scattering vector plots as temperature is scanned down from 70 °C (rear of figure) to 20 °C (foreground). (DPPC at 13% RH with 0.1 sucrose:lipid ratio). Note that the traces are arbitrarily offset on the y-axis and that every second plot has been removed in order better visualize the changes in the traces between the two phases. Interlamellar repeat spacings for DPPC at constant humidity (13 %) while scanning from 70 °C to 20 °C at ~15 °C /min. Sugar:lipid ratios shown in the legend, and the lines are sigmoidal fits. Note that the experiment ran from right to left in this figure.
Figure 7
The parameters m and r from the sigmoid fits in figure 6 (DPPC at constant humidity, 13 %). The direction of the temperature scan is given by the legend. Errors in the fitting of the sigmoid functions are smaller than the size of the data markers.
Figure 8
Repeat spacing for DPPC at constant sucrose:DPPC ratio (0.5) while cooling from 70 °C to 20 °C through the fluid-to-gel transition at ~15 °C /min. The repeat spacings are given by the data markers and the sigmoid fits with solid lines. The RH (%) of the samples is given by the legend. Note that the experiment ran from right to left in this figure. "XS" refers to a sample prepared in excess water.
Figure 9
The parameters m and r from the sigmoid fits in figure 8 (DPPC at constant sucrose:lipid ratio, 0.5).
The direction of the temperature scan is given by the legend. Errors in the fitting of the sigmoid functions are smaller than the size of the data markers. Note that the m -cooling 32.5% RH data marker is obscured by the r -cooling 32.5% RH data marker.
